The presence of arsenic in water supplies is a major problem for public health and still concerns large parts of population in Southeast Asia, Latin America and Europe. Removal of arsenic is usually accomplished either by coagulation with iron salts or by adsorption with iron oxides or activated alumina. However, these materials, although very efficient for arsenic, normally do not remove other undesirable constituents from waters, such as chlorine and organo-chlorine compounds, which are the results of water chlorination. Activated carbon has this affinity for organic compounds, but does not remove arsenic efficiently. Therefore, in the present study, iron modified activated carbons are investigated as alternative sorbents for the removal of arsenic(V) from aqueous solutions. In addition, modified activated carbons with magnetic properties can easily be separated from the solutions. In the present study, a simple and efficient method was used for the preparation of magnetic Fe 3 (Mn 2+ )O 4 (M:Fe and/or Mn) activated carbons. Activated carbons were impregnated with magnetic precursor solutions and then calcinated at 400 • C. The obtained carbons were characterized by X-ray diffraction (XRD), nitrogen adsorption isotherms, scanning electron microscopy (SEM), vibrating sample magnetometer (VSM), Fourier Transform Infrared Spectrometry (FTIR) and X-ray photoelectron spectroscopy (XPS) measurements. Their adsorption performance for As(V) was evaluated. The iron impregnation presented an increase in As(V) maximum adsorption capacity (Q max ) from about 4 mg g −1 for the raw carbon to 11.05 mg g −1 , while Mn incorporation further increased the adsorption capacity at 19.35 mg g −1 .
Introduction
Arsenic is a toxic compound, known for its carcinogenic effects to humans who are chronically exposed to high concentration. Arsenic contamination of waters globally is of major concern, because million of people worldwide are exposed to elevated concentrations in their drinking water. Specifically, in Southeast Asia, more than 500 million people consume water with concentrations higher than the WHO guideline value of 10 µg L −1 [1, 2] . Furthermore, very high concentrations of arsenic are found in wastewaters originating from textile industry, and other anthropogenic activities. These wastewaters have to be treated efficiently to prevent release of high arsenic contents into natural water bodies, which eventually can contaminate surface water and groundwater and finally drinking waters [2] . Therefore, the removal of arsenic and other heavy metals, together with organic contaminants from waters but also from drinking water is of critical importance. Arsenic is mostly
Materials and Methods

Chemical Reagents
The activated carbon in the current study was GAC830 manufactured by Norit (Amersfoort, The Netherlands), denoted hereafter as N. The reagents were all of analytical grade: Iron(II) gluconate hydrate (C 6 4 , from Sigma-Aldrich (Athens, Greece branch).
Carbon Impregnation
The Fe, Fe-Cu and Fe-Mn impregnated carbons were prepared with mixing the raw carbon with aqueous solutions of the metal salts, followed by heating at 400 • C. For a typical impregnation procedure, a dispersion of 5 g carbon in 100 mL of water was added in the appropriate amount of the Fe 2+ and Fe 3+ salts and/or Cu 2+ and Mn 2+ , and the pH of the dispersion was adjusted to 2.8 to avoid precipitation of ferric (hydro)oxide species [18] . After 30 min of stirring, the dispersion was sonicated for 30 min, filtrated, washed with deionized water until neutral pH and finally was dried in air. An amount of the dried impregnated carbons heated up to 400 • C. All treatment was carried out at a constant heating rate of 10 K min −1 . The samples remained at 400 • C for 2 h and the solid residues were further washed (in a Soxlet apparatus) for 24 h until constant pH. Finally, the solids were washed with ethanol. The impregnated carbons prepared, were dried at 100 • C for 24 h in an oven. The prepared, as above described, impregnated carbons were designated with the initial N (from Norit initial carbon) followed by the letter F for iron impregnation (NF impregnated activated carbon), C for copper impregnation (NFC impregnated activated carbon), and M for manganese impregnation (NFM impregnated activated carbon).
Characterization-Instrumentation
The X-ray powder diffraction (XRD) patterns were taken on a Phillips PW1820 diffractometer with a Cu Kα radiation (k = 0.154), from 2 • to 80 • . The average crystallite size D (nm) of the iron particles is calculated by the Debye-Sherrer Equation (1) [19] :
where Ks is a constant (Ks = 0.9 for Cu Ka), λ (nm) is wavelength (0.15405 nm for Cu Ka), B is the peak width of half-maximum (rad) and θ is the diffraction angle. The textural properties of the raw activated carbon and of the impregnated samples were investigated with N 2 adsorption desorption measurements with AS1Win (Quantachrome Instruments, Boynton Beach, FL, USA) at liquid N 2 temperature (77 K). Before measurements the samples were degassed at 150 • C at 133 × 10 −4 Pa. The specific surface area (S BET ) was calculated from the Brunauer, Emmet and Teller (BET) equation in the range of relative pressure of 0.05 to 0.20. Total pore volumes (V tot ) were defined as the maximum volume of N 2 adsorbed at relative pressure p/po = 0.99 cm 3 g −1 .
The micropore volumes (V mic ) and pore size distribution curves were obtained by the Density Functional Theory (DFT) method.
The scanning electron micrographs (SEM) of the metal impregnated carbons were taken at a JEOL JMS-840A scanning electron microscope. EDX analysis was also performed.
The magnetic properties of the carbon samples were measured at room temperature on a vibrating sample magnetometer (VSM) (Oxford Instruments, Oxford, UK).
To test the iron content, 0.2 g of carbon was heated at 600 • C and then dispersed in 25 mL of hydrochloric acid (1 M). The solutions were analyzed by a Perkin Elmer A Analyst 400 Atomic Adsorption Spectrophotometer. For the surface pH measurements of the carbon samples, 0.4 g of dry carbon was dispersed to 20 mL of water. After overnight stirring for equilibrium to be reached, the solution pH was measured.
Potentiometric titration measurements were achieved with a T50 automatic titrator (Mettler Toledo, Columbia, SC, USA). First, 0.1 g of carbon was added in 50 mL of NaNO 3 solution (0.01 mol L −1 ) and was stirred. The titration of the solution was done with NaOH (0.1 mol L −1 ) under N 2 saturation. The total surface charge, Q surf (mmol g −1 ), was estimated as a pH function based on the following Equation (2) [20] : The FT-IR spectra of the raw carbons and these after As(V) adsorption (arsenate-loaded) were obtained by a Perkin-Elmer FTIR spectrophotometer (model Spectrum 1000) in the range of 4000-500 cm −1 , using KBr disks.
The photoemission experiments were performed in an ultra-high vacuum system at a pressure 10 −7 Pa. An Unmonochromatized Al Kα line at 1486.6 eV and an analyzer pass energy of 97 eV were used in all XPS measurements giving a full width at half maximum (abbreviated as FWHM) of 1.7 eV for the Au4f 7/2 peak. For the binding energy evaluation after XPS measurements, the main C1 s peak was assigned at 284.8 eV. The calibration followed [21] .
Adsorption Experiments
Effect of pH
The effect of pH was studied by mixing 1 g L −1 of adsorbent with 20 mL of arsenate solution (50 mg L −1 ) and was adjusted by additions of HNO 3 (0.01 mol L −1 ) or NaOH (0.01 mol L −1 ) at pH values of 3 and/or 7. The suspensions were shaken for 24 h into a water bath (JulaboSW-21C) at 25 • C at 160 rpm agitation rate. After adsorption experiments, the filtrates were chemically analyzed by the molybdenum blue method [22] , using a double-beam UV-visible spectrophotometer (Hitachi Model U-2000), to measure the residual arsenic concentration in order to determine the pH value at which the greater adsorption capacity was achieved.
Effect of Initial As(V) Concentration-Isotherms
To test the influence of initial As(V) concentration on adsorption equilibrium, experiments were performed by dispersing 1 g L −1 of the carbon adsorbents with 20 mL of solutions with different initial concentrations (0-30 mg L −1 ). After 24 h, the suspensions were stirred at the pH value at which the greater adsorption capacity was previously found, in water bath at 25 • C (agitation rate = 160 rpm).
The adsorption results were described by the Langmuir and Freundlich models. The Langmuir model represents chemisorption of arsenate on sites of the same adsorption energies, and is expressed as Equation (3) [23] :
where C e is the concentration of As(V) equilibrium solution (mg L −1 ), Q m the maximum adsorption capacity (mg g −1 ) and K L is related to the adsorption energy (L mg −1 ). The Freundlich model [24] represents physisorption on the surface and infinite surface coverage. It is expressed by Equation (4):
where K F and 1/n are the constants. K F is related to adsorption capacity, while 1/n is related to the heterogeneity of surface.
Results and Discussion
Adsorption Performance
The raw activated carbon and the impregnated counterparts were tested for As(V) adsorption, and thus removal from solution, to examine whether the metal impregnation increased the adsorption capacity of the initial carbon N. Since there are no great differences in As(V) adsorption in the pH range 2-6.5 and As(V) adsorption decreases above pH 7, as shown from the As(V) speciation [25] , pH effect measurements were performed for pH 3 and 7. Figure 1a illustrates the effect of pH (at pH 3 and pH 7) on percent As(V) removal, representing the degree of As(V) adsorption. The results show that, for the initial unmodified N carbon, pH does not affect As(V) removal, which is less than 20% in all cases and proves the need for GAC modification for effective removal of both arsenic and organic compounds.
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Results and Discussion
Adsorption Performance
The raw activated carbon and the impregnated counterparts were tested for As(V) adsorption, and thus removal from solution, to examine whether the metal impregnation increased the adsorption capacity of the initial carbon N. Since there are no great differences in As(V) adsorption in the pH range 2-6.5 and As(V) adsorption decreases above pH 7, as shown from the As(V) speciation [25] , pH effect measurements were performed for pH 3 and 7. Figure 1a illustrates the effect of pH (at pH 3 and pH 7) on percent As(V) removal, representing the degree of As(V) adsorption. The results show that, for the initial unmodified N carbon, pH does not affect As(V) removal, which is less than 20% in all cases and proves the need for GAC modification for effective removal of both arsenic and organic compounds. In contrast, all modified carbons were affected by the pH and the biggest difference was observed for the NFM carbon (around 30% bigger at pH 3). This is most likely because iron oxides, In contrast, all modified carbons were affected by the pH and the biggest difference was observed for the NFM carbon (around 30% bigger at pH 3). This is most likely because iron oxides, which are impregnated on the surface of GAC, have stronger positive charge at pH 3 than at pH 7, whereas arsenate, already at pH 3, is present in waters with its oxyanionic form of H 2 AsO 4 − [3] .
Based on these results, the equilibrium experiments were performed at pH value of 3, by testing the raw and the metal impregnated carbons for their efficiency for arsenate adsorption and to evaluate their adsorption capacities. The Langmuir and Freundlich isotherm models were selected to illustrate the adsorption results and highlight the interactions between adsorbate and adsorbent [23, 24] . The Freundlich and Langmuir isotherms for the raw and for the impregnated carbons are shown in Figure 1b . The fitting parameters calculated from the adsorption model are presented in Table 1 .
The displayed values indicate clearly that the impregnated samples exhibited better performance than the initial unmodified carbon N. In particular, the maximum adsorption capacity of the NF and NFC samples was about twice than of the initial carbon N, while the adsorption capacity of the NFM sample was roughly four times higher. The adsorption isotherms of As(V) on raw, and NF and NFC impregnated carbons, presented in Table 1 and Figure 1b , can be described better by the Freundlich model than the Langmuir model, indicating that the monolayer coverage adsorption process of As(V) on these adsorbents might not occur. For the NFM impregnated activated carbon, the Langmuir model better describes the adsorption results indicating a different adsorption mechanism on this carbon. The KF values, related to the energy of adsorption as depicted from Freundlich model, as well as the Q max values, related to the maximum adsorption capacity of the carbons as depicted from Langmuir model, were much higher for the impregnated samples than for the initial carbon. Thus, the introduction of iron, copper and manganese species to the carbons had a positive effect on arsenate adsorption. The removal efficiency was very similar for NF and NFC carbons, indicating that the presence of Cu does not play an important role. It is well known that the presence of Fe(III) species on the surface of a sorbent improves As(V) removal due to the formation of chemical bonds, forming in most cases insoluble complexes of iron and arsenic, thus keeping arsenic on the sorbent and removing it from water. Therefore, the new impregnated carbons are efficient adsorbents for arsenic removal of from water streams.
Materials Characterization
The iron content of the modified carbons found 14% for the NF carbon, 8.36% for the NFC and 6.42% for the NFM impregnated carbon ( Table 2 ). The iron contents are in the range of these iron modified activated carbons reported in the literature [26] . As obvious, the highest iron content was observed in the NF and the lowest in the NFM. From the results, it is seen that the copper and manganese ions prohibited the iron incorporation. The iron or iron compounds amount of the activated carbon is important for arsenate removal, since iron incorporation may block the carbon pores, in this way decreasing the surface area of the sorbent and the number of available sites for arsenate adsorption. For this reason, it is important to measure the surface area of the modified carbon sorbents.
In Figure 2a , the N 2 adsorption-desorption isotherms of the modified carbon samples are presented. The initial part of the isotherms for all carbons, of a type I shape (IUPAC classification), indicates the presence of micropores. At high P/Po values, the isotherm show a small capillary condensation step and presents a hysteresis loop that is of H4 type. The hysteresis loop, observed for P/Po > 0.5 can be due to capillary condensation in narrow slit-shaped mesopores [27] concluding the presence of both micro-porosity and a small part of meso-porosity [28] . The volume of N 2 adsorbed at high relative pressure although not significant, is attributed to the presence of substantial presence of mesopores [29, 30] . The differences in the volume of unabsorbed nitrogen indicate differences in textural parameters after iron impregnation. The iron or iron compounds amount of the activated carbon is important for arsenate removal, since iron incorporation may block the carbon pores, in this way decreasing the surface area of the sorbent and the number of available sites for arsenate adsorption. For this reason, it is important to measure the surface area of the modified carbon sorbents.
In Figure 2a , the N2 adsorption-desorption isotherms of the modified carbon samples are presented. The initial part of the isotherms for all carbons, of a type I shape (IUPAC classification), indicates the presence of micropores. At high P/Po values, the isotherm show a small capillary condensation step and presents a hysteresis loop that is of H4 type. The hysteresis loop, observed for P/Po > 0.5 can be due to capillary condensation in narrow slit-shaped mesopores [27] concluding the presence of both micro-porosity and a small part of meso-porosity [28] . The volume of N2 adsorbed at high relative pressure although not significant, is attributed to the presence of substantial presence of mesopores [29, 30] . The differences in the volume of unabsorbed nitrogen indicate differences in textural parameters after iron impregnation. In Table 2 , the textural properties of the carbon materials are presented. The SBET value of N carbon was found to be 980.41 m 2 g −1 ; a slight decrease of SBET value found for NF sample while about 30% was found the decrease of SBET value for the NFC and NFM samples indicating that the metal impregnation can lead to a decrease in the values of surface area of the impregnated carbons. The same trend was observed for Vtot and Vmicro values. This decrease in surface area and pore volume of the carbon materials is possibly due to the deposition of iron oxide-based particles that can occupy In Table 2 , the textural properties of the carbon materials are presented. The SBET value of N carbon was found to be 980.41 m 2 g −1 ; a slight decrease of SBET value found for NF sample while about 30% was found the decrease of SBET value for the NFC and NFM samples indicating that the metal impregnation can lead to a decrease in the values of surface area of the impregnated carbons. The same trend was observed for V tot and V micro values. This decrease in surface area and pore volume of the carbon materials is possibly due to the deposition of iron oxide-based particles that can occupy some of the void spaces of the materials. Nevertheless, these iron oxide-based particles provide sorption sites increasing this way the sorption capacity.
Pore size distribution is an important parameter of activated carbons because it evaluate their structural heterogeneity. Activated carbons are characterized as microporous (with diameter pore width < 2 nm), mesoporous (pore width = 2-50 nm) and macroporous carbons (pore width >50 nm), following the IUPAC definition [31] . The pore size distributions exhibited by the raw and iron impregnated activated carbons (N, NF, NFC and NFM) are calculated by the density functional theory (DFT) method, as presented in Figure 2b . As it can be observed, the N sample exhibits a pore size distribution curve with three main maxima (i.e., at 1-1.3, 1.3-1.7 and 1.7-2 nm). For carbons NF, NFC and NFM, a significant fraction of the micropore volume appeared to be blocked due to iron deposition, as it is also concluded from the results appeared in Table 2 . The iron deposition is also testified from the corresponding iron distribution maps presented in Figure 3a along with the SEM images of the raw and iron impregnated carbons. The iron distribution maps reveal that Fe is sufficiently distributed in the magnetic carbons having as result the blocking of the pores of the impregnated carbons.
Comparing the above results of the textural features of the raw and impregnated samples to the relative arsenate adsorption capacities and/or the iron content no relation was found. For this reason, the nature of the oxides formed and the surface chemistry of the impregnated carbon samples were further examined.
The XRD patterns of the raw carbon as well as of the metal impregnated carbons are presented in Figure 4 in order to evaluate the metal oxides formed after impregnation. The XRD patterns of the N carbon presents two broad bands centered around 2θ = 23 • and 43 • , which are associated with diffraction of the 002 and 100/101 planes, respectively. These bands denote either the interlayer spacing Lc and microcrystallite diameter La [32] , or the stacking height Lc, and the lateral size of crystallites La [33] . some of the void spaces of the materials. Nevertheless, these iron oxide-based particles provide sorption sites increasing this way the sorption capacity. Pore size distribution is an important parameter of activated carbons because it evaluate their structural heterogeneity. Activated carbons are characterized as microporous (with diameter pore width < 2 nm), mesoporous (pore width = 2-50 nm) and macroporous carbons (pore width >50 nm), following the IUPAC definition [31] . The pore size distributions exhibited by the raw and iron impregnated activated carbons (N, NF, NFC and NFM) are calculated by the density functional theory (DFT) method, as presented in Figure 2b . As it can be observed, the N sample exhibits a pore size distribution curve with three main maxima (i.e., at 1-1.3, 1.3-1.7 and 1.7-2 nm). For carbons NF, NFC and NFM, a significant fraction of the micropore volume appeared to be blocked due to iron deposition, as it is also concluded from the results appeared in Table 2 . The iron deposition is also testified from the corresponding iron distribution maps presented in Figure 3a along with the SEM images of the raw and iron impregnated carbons. The iron distribution maps reveal that Fe is sufficiently distributed in the magnetic carbons having as result the blocking of the pores of the impregnated carbons.
The XRD patterns of the raw carbon as well as of the metal impregnated carbons are presented in Figure 4 in order to evaluate the metal oxides formed after impregnation. The XRD patterns of the N carbon presents two broad bands centered around 2θ = 23° and 43°, which are associated with diffraction of the 002 and 100/101 planes, respectively. These bands denote either the interlayer spacing Lc and microcrystallite diameter La [32] , or the stacking height Lc, and the lateral size of crystallites La [33] .
(a) The patterns of NF and NFC carbons, which are similar to the pattern for the initial carbon N, suggest that either no oxide was formed or the oxide formed was amorphous and could not be detected by XRD measurements. The patterns of NF and NFC carbons, which are similar to the pattern for the initial carbon N, suggest that either no oxide was formed or the oxide formed was amorphous and could not be detected by XRD measurements. The patterns of NF and NFC carbons, which are similar to the pattern for the initial carbon N, suggest that either no oxide was formed or the oxide formed was amorphous and could not be detected by XRD measurements.
In the XRD pattern of NFM carbon, several prominent Bragg reflections at 2θ of 33 • , 37 • , 42 • , 54 • , 57 • and 63 • , corresponding to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) basal planes, respectively, are presented [34] .
The average size of the iron oxide particles using 35.7 • diffraction peak was found to be 9.9 nm. This size is greater than reported for magnetite impregnated in the carbon matrix [35] may be due to the replacement of the smaller Fe 3+ ions (ionic radius 0.64 Å) by the larger Mn 2+ (ionic radius 0.80 Å) [36] .
Besides, it was observed that the peak intensity for iron oxide formed was wide. This may be attributed to the isomorphic substitution of Fe ions by Mn, leading this way to a reduction of the crystallinity. Similar conclusion for the reduction of crystallinity after replacement with Mn was reported by Carvalho et al., 2014 [37] . They identified a crystalline phase assigned to isomorphic substitution of Fe 2+ by Mn 2+ for Fe 3−x Mn x O 4 samples. The position and relative intensity of diffraction peaks presented in Figure 4 can be indexed to the standard data for Fe 2 MO 4 bulk magnetite (JCPDS file No. 10-0319) [38] . There was not detected peak for manganese oxide implying incorporation of manganese ions into the crystal structure of Fe 3 O 4 [39] leading to the formation of Fe 2 MO 4 (M:Fe and/or Mn). Figure 5 exhibits the magnetization curves for the impregnated carbons that were investigated by Vibrating Sample Magnetometer (VSM). The NF and NFC carbons presented field dependent magnetization hysteresis curves; these curves indicate superparamagnetic properties for these carbons. The magnetization reaches zero when the magnetic field is removed because the iron oxide particles are of single-crystal domain with one orientation of the magnetic moment. The saturation magnetization values, found to be rs = 0.1 emu g −1 and rs = 0.35 emu g −1 for NF and NFM impregnated carbons, respectively, are less than those for Fe 3 O 4 nanoparticles (Ms = 58.94 emu g −1 ) [38] , and bare Fe 2 MnO 4 nanoparticles (Ms = 70 emu g −1 ) [39] . This decrease can be attributed to the existence of graphitic layers on the surface of magnetic nanoparticles [35] . Despite the lower values, it is sufficient for the magnetic separation and recovery of sorbents.
In the XRD pattern of NFM carbon, several prominent Bragg reflections at 2θ of 33°, 37°, 42°, 54°, 57° and 63°, corresponding to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) basal planes, respectively, are presented [34] .
The average size of the iron oxide particles using 35.7° diffraction peak was found to be 9.9 nm. This size is greater than reported for magnetite impregnated in the carbon matrix [35] may be due to the replacement of the smaller Fe 3+ ions (ionic radius 0.64 Å) by the larger Mn 2+ (ionic radius 0.80 Å) [36] .
Besides, it was observed that the peak intensity for iron oxide formed was wide. This may be attributed to the isomorphic substitution of Fe ions by Mn, leading this way to a reduction of the crystallinity. Similar conclusion for the reduction of crystallinity after replacement with Mn was reported by Carvalho et al., 2014 [37] . They identified a crystalline phase assigned to isomorphic substitution of Fe 2+ by Mn 2+ for Fe3−xMnxO4 samples. The position and relative intensity of diffraction peaks presented in Figure 4 can be indexed to the standard data for Fe2MO4 bulk magnetite (JCPDS file No. 10-0319) [38] . There was not detected peak for manganese oxide implying incorporation of manganese ions into the crystal structure of Fe3O4 [39] leading to the formation of Fe2MO4 (M:Fe and/or Mn). Figure 5 exhibits the magnetization curves for the impregnated carbons that were investigated by Vibrating Sample Magnetometer (VSM). The NF and NFC carbons presented field dependent magnetization hysteresis curves; these curves indicate superparamagnetic properties for these carbons. The magnetization reaches zero when the magnetic field is removed because the iron oxide particles are of single-crystal domain with one orientation of the magnetic moment. The saturation magnetization values, found to be rs = 0.1 emu g −1 and rs = 0.35 emu g −1 for NF and NFM impregnated carbons, respectively, are less than those for Fe3O4 nanoparticles (Ms = 58.94 emu g −1 ) [38] , and bare Fe2MnO4 nanoparticles (Ms = 70 emu g −1 ) [39] . This decrease can be attributed to the existence of graphitic layers on the surface of magnetic nanoparticles [35] . Despite the lower values, it is sufficient for the magnetic separation and recovery of sorbents. 
Adsorption Mechanism
The Qmax values of NF and NFM impregnated carbons were greater than those for the raw activated carbon, proving that magnetite played an important role in the As(V) adsorption by these carbons. To understand the mechanism by which arsenate was adsorbed on carbon surface, FTIR spectra and XPS measurements were obtained for the N, NF and NFM carbons before and after arsenate adsorption. 
The Q max values of NF and NFM impregnated carbons were greater than those for the raw activated carbon, proving that magnetite played an important role in the As(V) adsorption by these carbons. To understand the mechanism by which arsenate was adsorbed on carbon surface, FTIR spectra and XPS measurements were obtained for the N, NF and NFM carbons before and after arsenate adsorption. Figure 6 shows the FTIR spectra of N, NF and NFM activated carbons, respectively, together with their counterparts after arsenate adsorption. It is worth noting that the spectra for the raw and impregnated carbons appeared to be similar, indicating their similar compositions. For the N carbon, the main characteristic absorption bands are presented at: (i) 1740 cm −1 due to carboxylic acid vibrational frequencies; (ii)~1600 cm −1 related to C=C stretching vibration of the aromatic ring; and (iii) 1150 cm −1 attributed to -OH stretching and bending vibrations in C-OH bonds (phenols). Figure 6a-c shows the FTIR spectra of N, NF and NFM activated carbons, respectively, together with their counterparts after arsenate adsorption. It is worth noting that the spectra for the raw and impregnated carbons appeared to be similar, indicating their similar compositions. For the N carbon, the main characteristic absorption bands are presented at: (i) 1740 cm −1 due to carboxylic acid vibrational frequencies; (ii) ~1600 cm −1 related to C=C stretching vibration of the aromatic ring; and (iii) 1150 cm −1 attributed to -OH stretching and bending vibrations in C-OH bonds (phenols). The band at about 1600 cm −1 due to the stretching vibration of the aromatic ring is also obvious for the NF and NFM impregnated carbons, as well as the bands at about 1714 cm −1 due to the carboxyl C=O stretching. For these carbons, a peak is noticed at ~600 cm −1 attributed to the stretching vibration of Fe-O bonds in tetrahedral site; this peak has actually been reported as a characteristic peak of iron oxides [40, 41] . Besides, the band at about 1050 cm −1 can be attributed to the formation of hydroxyl species (-FeOH/Fe-OH-Fe). For these samples, the carbon surface was found to be oxidized during impregnation. That oxidation resulted in the increase intensity of the band representing lactone, as seen in the FTIR spectrum for the NF and NFM carbon samples. Besides, in Figure 7 , the protonbinding curves show that impregnation resulted to an increase of surface acidity for NF and NFM carbon samples since the proton-binding curves are shifted toward lower pH values for these carbons. The band at about 1600 cm −1 due to the stretching vibration of the aromatic ring is also obvious for the NF and NFM impregnated carbons, as well as the bands at about 1714 cm −1 due to the carboxyl C=O stretching. For these carbons, a peak is noticed at~600 cm −1 attributed to the stretching vibration of Fe-O bonds in tetrahedral site; this peak has actually been reported as a characteristic peak of iron oxides [40, 41] . Besides, the band at about 1050 cm −1 can be attributed to the formation of hydroxyl species (-FeOH/Fe-OH-Fe). For these samples, the carbon surface was found to be oxidized during impregnation. That oxidation resulted in the increase intensity of the band representing lactone, as seen in the FTIR spectrum for the NF and NFM carbon samples. Besides, in Figure 7 , the proton-binding curves show that impregnation resulted to an increase of surface acidity for NF and NFM carbon samples since the proton-binding curves are shifted toward lower pH values for these carbons. Figure 6a-c shows the FTIR spectra of N, NF and NFM activated carbons, respectively, together with their counterparts after arsenate adsorption. It is worth noting that the spectra for the raw and impregnated carbons appeared to be similar, indicating their similar compositions. For the N carbon, the main characteristic absorption bands are presented at: (i) 1740 cm −1 due to carboxylic acid vibrational frequencies; (ii) ~1600 cm −1 related to C=C stretching vibration of the aromatic ring; and (iii) 1150 cm −1 attributed to -OH stretching and bending vibrations in C-OH bonds (phenols). The band at about 1600 cm −1 due to the stretching vibration of the aromatic ring is also obvious for the NF and NFM impregnated carbons, as well as the bands at about 1714 cm −1 due to the carboxyl C=O stretching. For these carbons, a peak is noticed at ~600 cm −1 attributed to the stretching vibration of Fe-O bonds in tetrahedral site; this peak has actually been reported as a characteristic peak of iron oxides [40, 41] . Besides, the band at about 1050 cm −1 can be attributed to the formation of hydroxyl species (-FeOH/Fe-OH-Fe). For these samples, the carbon surface was found to be oxidized during impregnation. That oxidation resulted in the increase intensity of the band representing lactone, as seen in the FTIR spectrum for the NF and NFM carbon samples. Besides, in Figure 7 , the protonbinding curves show that impregnation resulted to an increase of surface acidity for NF and NFM carbon samples since the proton-binding curves are shifted toward lower pH values for these carbons. After arsenate adsorption, at the spectra for the impregnated carbons, a new band appeared at 820 cm −1 , corresponding to As-O stretching vibration. This comes from the As(V) bounding as a surface complex and not as a precipitated solid phase indicating a specific adsorption at the aqueous arsenate/Fe-Mn oxide interface.
XPS Measurements
In XPS data, since carbon and oxygen can change the reactivity of surfaces, their spectra are very important. The XPS carbon C1s spectra are presented in Figure 8 , while the O1s in Figure 9 . As presented in Figure 8 , for the raw carbon N, the C1s spectra can be deconvoluted into four peaks at binding energies of 284.80, 285.4, 286.5, and 288.9 eV, representing the functional groups of C-H and/or C-C, C-O, C=O and O-C=O respectively. After iron impregnation, for the NF and NFC samples there was noticed no alterations on the relative spectra. For the NFM spectra the peaks at 286.3 and 288.9 eV appeared at 285.8 and 288.4 eV, respectively, while the peak at 285.8 was presented with an increased area, indicating oxidation of carbon surface due to iron deposition [42] , as potentiometric titration results also revealed ( Figure 7 
After arsenate adsorption, at the spectra for the impregnated carbons, a new band appeared at 820 cm −1 , corresponding to As-O stretching vibration. This comes from the As(V) bounding as a surface complex and not as a precipitated solid phase indicating a specific adsorption at the aqueous arsenate/Fe-Mn oxide interface.
In XPS data, since carbon and oxygen can change the reactivity of surfaces, their spectra are very important. The XPS carbon C1s spectra are presented in Figure 8 , while the O1s in Figure 9 . As presented in Figure 8 , for the raw carbon N, the C1s spectra can be deconvoluted into four peaks at binding energies of 284.80, 285.4, 286.5, and 288.9 eV, representing the functional groups of C-H and/or C-C, C-O, C=O and O-C=O respectively. After iron impregnation, for the NF and NFC samples there was noticed no alterations on the relative spectra. For the NFM spectra the peaks at 286.3 and 288.9 eV appeared at 285.8 and 288.4 eV, respectively, while the peak at 285.8 was presented with an increased area, indicating oxidation of carbon surface due to iron deposition [42] , as potentiometric titration results also revealed (Figure 7) . In Figure 9 , the oxygen peak O1s for the raw carbon N is deconvoluted in two components. The peak at BE = 533 eV corresponds to the oxygen of O-C groups and the one at BE = 536.9 eV corresponds to O-C=O groups. For the iron impregnated carbons NF and NFM, a new oxygen peak O1s at 531-531.7 eV is presented that can be attributed to the oxygen of the iron oxide. For these impregnated carbons, the peaks of iron were located at binding energies of 711 eV and of 725.6 eV. These values are characteristic of Fe 3+ [25] . For these samples, the peak that appeared for the raw sample at BE = 536.9 eV (corresponding to O-C groups) shifted to lower values and presented an increased area indicating that during impregnation oxidation of the raw carbon occurred. For the sample NFC, the oxygen peak O1s at 531-531.7 eV, attributed to the oxygen of the iron oxide, was not presented, indicating that Cu inhibited the formation of magnetite, which is consistent with XRD and VSN results. In Figure 9 , the oxygen peak O1s for the raw carbon N is deconvoluted in two components. The peak at BE = 533 eV corresponds to the oxygen of O-C groups and the one at BE = 536.9 eV corresponds to O-C=O groups. For the iron impregnated carbons NF and NFM, a new oxygen peak O1s at 531-531.7 eV is presented that can be attributed to the oxygen of the iron oxide. For these impregnated carbons, the peaks of iron were located at binding energies of 711 eV and of 725.6 eV. These values are characteristic of Fe 3+ [25] . For these samples, the peak that appeared for the raw sample at BE = 536.9 eV (corresponding to O-C groups) shifted to lower values and presented an increased area indicating that during impregnation oxidation of the raw carbon occurred. For the sample NFC, the oxygen peak O1s at 531-531.7 eV, attributed to the oxygen of the iron oxide, was not presented, indicating that Cu inhibited the formation of magnetite, which is consistent with XRD and VSN results. In Figure 10 , the As3d spectra of the As(V)-loaded impregnated carbon samples is presented. For As(V), the BE of AsO4 3− = 44.9 eV, of HAsO4 2− = 45.5 eV and of H2AsO4 − = 46.7 eV, while the BE for As(III) was reported as 44.2 eV [42] . The distributions of As(V) species were found by deconvolution of the spectra of As3d. For all impregnated carbon samples, a peak at about 45.45 eV was observed, which demonstrates that HAsO4 2− was always the dominant species in the surface complexes. The dominance of HAsO4 2− reveals that the monoprotonated bidentate complexes are dominant on the surfaces of the impregnated carbon samples [25] . Besides, the As3d spectra reveal that, during the adsorption of arsenate on iron impregnated carbons, no reduction of As(V) to more poisonous As(III) was observed. 
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As 3d Figure 9 . O1s spectra of the raw (N) and impregnated carbons (NF, NFC and NFM).
In Figure 10 , the As3d spectra of the As(V)-loaded impregnated carbon samples is presented. For As(V), the BE of AsO 4 3− = 44.9 eV, of HAsO 4 2− = 45.5 eV and of H 2 AsO 4 − = 46.7 eV, while the BE for As(III) was reported as 44.2 eV [42] . The distributions of As(V) species were found by deconvolution of the spectra of As3d. For all impregnated carbon samples, a peak at about 45.45 eV was observed, which demonstrates that HAsO 4 2− was always the dominant species in the surface complexes.
The dominance of HAsO 4 2− reveals that the monoprotonated bidentate complexes are dominant on the surfaces of the impregnated carbon samples [25] . Besides, the As3d spectra reveal that, during the adsorption of arsenate on iron impregnated carbons, no reduction of As(V) to more poisonous As(III) was observed. In Figure 10 , the As3d spectra of the As(V)-loaded impregnated carbon samples is presented. For As(V), the BE of AsO4 3− = 44.9 eV, of HAsO4 2− = 45.5 eV and of H2AsO4 − = 46.7 eV, while the BE for As(III) was reported as 44.2 eV [42] . The distributions of As(V) species were found by deconvolution of the spectra of As3d. For all impregnated carbon samples, a peak at about 45.45 eV was observed, which demonstrates that HAsO4 2− was always the dominant species in the surface complexes. The dominance of HAsO4 2− reveals that the monoprotonated bidentate complexes are dominant on the surfaces of the impregnated carbon samples [25] . Besides, the As3d spectra reveal that, during the adsorption of arsenate on iron impregnated carbons, no reduction of As(V) to more poisonous As(III) was observed. According the above results (Figure 11 ), arsenate complexes are dissociated as H2AsO4 − and HAsO2 2− species [7] . The expected adsorption mechanism occurring in iron impregnated carbons is the replacement of the OH-ligand of arsenates' molecules, by the iron oxides nanoparticles located on the carbon surface, forming mono and/or bi-dentate complexes attached to the surface [43] . For the NFM impregnated carbon, which presented the best performance, the intensity of the peaks for OH and Fe3O4 were relatively unchanged, while that for C=O was increased, suggesting the dominance of bidentate surface complexes on this impregnated carbon [25] . For the raw (N) activated carbon, arsenate molecules were attracted on its basic surface after electrostatic interactions with basic surface groups.
Anions are adsorbed onto metal oxides with formation of surface complexes. Due to chemical reactions and the formation of surface complexes, charge transfer may take place during adsorption [25] . From the change in core level peak position of the adsorbents before and after adsorption, the direction of electron transfer during adsorption could be estimated. The O1s binding energy shift is related to the contents of different oxygen atoms on the carbon surface. This O1s chemical shift can be calculated with a simple formula given from Equation ( where Q* is the actual oxygen charge in sorbent (in esu) and BEO1s is the O1s binding energy as estimated from XPS [15] . The iron charge can be estimated by the Equation (6) [44] .
where Fe2p is the Fe2p binding energy as estimated from XPS. The binding energies of O1s and Fe2p, as well as their charges and variations after impregnation and after As(V) adsorption on NF and NFM samples are presented in Table 3 . The characteristic bands for the oxygen peak O1s and for Fe2p after the sorption of As(V) were shifted, as shown in Figures 11 and 12 and recorded in Table 3 . In Figure 12 , it is shown that the peak of iron after arsenate adsorption was also shifted at a binding energy of 712.4 eV (Fe2p3/2). This energy is characteristic of Fe 3+ in covalent bonds. Figure 11 . O1s spectra of the NF and NFM carbons after As(V) adsorption.
According the above results (Figure 11 ), arsenate complexes are dissociated as H 2 AsO 4 − and HAsO 2 2− species [7] . The expected adsorption mechanism occurring in iron impregnated carbons is the replacement of the OH-ligand of arsenates' molecules, by the iron oxides nanoparticles located on the carbon surface, forming mono and/or bi-dentate complexes attached to the surface [43] .
For the NFM impregnated carbon, which presented the best performance, the intensity of the peaks for OH and Fe 3 O 4 were relatively unchanged, while that for C=O was increased, suggesting the dominance of bidentate surface complexes on this impregnated carbon [25] . For the raw (N) activated carbon, arsenate molecules were attracted on its basic surface after electrostatic interactions with basic surface groups. Anions are adsorbed onto metal oxides with formation of surface complexes. Due to chemical reactions and the formation of surface complexes, charge transfer may take place during adsorption [25] . From the change in core level peak position of the adsorbents before and after adsorption, the direction of electron transfer during adsorption could be estimated. The O1s binding energy shift is related to the contents of different oxygen atoms on the carbon surface. This O1s chemical shift can be calculated with a simple formula given from Equation (5) where Q* is the actual oxygen charge in sorbent (in esu) and BEO1s is the O1s binding energy as estimated from XPS [15] . The iron charge can be estimated by the Equation (6) [44] .
where Fe2p is the Fe2p binding energy as estimated from XPS. The binding energies of O1s and Fe2p, as well as their charges and variations after impregnation and after As(V) adsorption on NF and NFM samples are presented in Table 3 . The characteristic bands for the oxygen peak O1s and for Fe2p after the sorption of As(V) were shifted, as shown in Figures 11 and 12 and recorded in Table 3 . In Figure 12 , it is shown that the peak of iron after arsenate adsorption was also shifted at a binding energy of 712.4 eV (Fe2p3/2). This energy is characteristic of Fe 3+ in covalent bonds.
Taking the O1s charge in the NF and NFM carbons as a reference, the charge after As(V) adsorption on both carbons became more negative, indicating that oxygen donated electrons during the adsorption process, suggesting that the surface oxygen acts as Lewis acid in the arsenate adsorption onto these iron impregnated carbons. Arsenate, as a Lewis base, is selectively adsorbed through the formation of inner-sphere bidentate complexes. For the NFM impregnated carbon, the Mn incorporation is crucial for its adsorption due to the formation of the crystals of magnetite and the size that plays an important role in arsenate adsorption [45] . Taking the O1s charge in the NF and NFM carbons as a reference, the charge after As(V) adsorption on both carbons became more negative, indicating that oxygen donated electrons during the adsorption process, suggesting that the surface oxygen acts as Lewis acid in the arsenate adsorption onto these iron impregnated carbons. Arsenate, as a Lewis base, is selectively adsorbed through the formation of inner-sphere bidentate complexes. For the NFM impregnated carbon, the Mn incorporation is crucial for its adsorption due to the formation of the crystals of magnetite and the size that plays an important role in arsenate adsorption [45] .
Conclusions
A microporous activated carbon was impregnated with iron, iron/cobalt and iron/manganese by a novel and simple impregnation method. The modified carbons were tested for As(V) removal and showed improved properties, with Qmax almost four times higher than that of unmodified carbon. Surface and textural properties of modified and unmodified carbons were correlated to adsorption capacity. The best arsenic (V) adsorption capacities were presented by the Fe3-xMnxO4-modified activated carbon. Mn ions were substitutionally incorporated in the magnetite lattice. It was found that Mn incorporation affected the textural properties of the carbon, as reveled by the decrease of the surface areasurface pH, and the pHpzc, and the increase of crystallinity. Finally, it is proposed that arsenate, which is a Lewis base, was selectively adsorbed through the formation of inner-sphere bidentate complexes on the modified carbon surface. Further work with this material will focus on 
A microporous activated carbon was impregnated with iron, iron/cobalt and iron/manganese by a novel and simple impregnation method. The modified carbons were tested for As(V) removal and showed improved properties, with Q max almost four times higher than that of unmodified carbon. Surface and textural properties of modified and unmodified carbons were correlated to adsorption capacity. The best arsenic (V) adsorption capacities were presented by the Fe 3−x Mn x O 4 -modified activated carbon. Mn ions were substitutionally incorporated in the magnetite lattice. It was found that Mn incorporation affected the textural properties of the carbon, as reveled by the decrease of the surface areasurface pH, and the pH pzc , and the increase of crystallinity. Finally, it is proposed that arsenate, which is a Lewis base, was selectively adsorbed through the formation of inner-sphere bidentate complexes on the modified carbon surface. Further work with this material will focus on the removal of both As(III) and As(V) from concentrations relevant to drinking water treatment to show the improved properties of this material for treatment of both species of arsenic. The main advantage, however, is the simultaneous organic compound removal together with the arsenic removal.
